Two aerosol samples collected at King Sejong Korean scientific research station, 14 Antarctica on Dec. 9, 2011 in the austral summer (sample S1) and July 23, 2012 in the austral 15 winter (sample S2), when the oceanic chlorophyll-a levels were quite different, by ~19 times (2.46 16 vs. 0.13 g/L, respectively), were investigated on a single particle basis using quantitative energy-17 dispersive electron probe X-ray microanalysis (ED-EPMA), called low-Z particle EPMA, Raman 18 microspectrometry (RMS), and attenuated total reflectance Fourier transform infrared (ATR-FTIR) 19 imaging techniques to obtain their characteristics based on the elemental chemical compositions, 20 molecular species, and mixing state. X-ray analysis showed that the supermicron summertime and 21 wintertime Antarctic aerosol samples have different elemental chemical compositions, even 22 though all the individual particles analyzed were sea spray aerosols (SSAs); i.e., the contents of C, 23 O, Ca, S, and Si were more elevated, whereas Cl was more depleted, for sample S1 having a much 24 higher chlorophyll-a level than for sample S2. Based on qualitative analysis of the chemical species 25 present in individual SSAs by the combined application of RMS and ATR-FTIR imaging, different 26 organic species were encountered in samples S1 and S2; i.e., Mg hydrate salts of alanine were 27 predominant in samples S1 and S2, whereas Mg salts of fatty acids internally mixed with Mg 28
INTRODUCTION 34
As more than 70% of the Earth's surface is covered by ocean, sea spray aerosols (SSAs) 35 make a dominant contribution to the total aerosol load in the air (Quinn et al., 2015) . The influence 36 of nascent SSAs on the Earth′s radiative balance, either directly by scattering light or indirectly by 37 acting as cloud droplets or ice nuclei, needs to be understood to better predict the additional 38 anthropogenic effects on SSAs (Ault et al., 2013a) . Recently, it was suggested that SSAs mixed 39 with organic matter occurring at the ocean surface can have a significant influence on the Earth's 40 climate change (Wang et al., 2015) . In addition, an understanding of the nascent SSA properties in 41 terms of the physical, chemical, and biological processes in the ocean surface is required to reduce 42 the current uncertainties for climate models (Prather et al., 2013) . 43
SSAs are generated by bubbles bursting at the sea surface, where submicron and 44 supermicron SSAs are believed to be formed mostly from film drops and jet drops, respectively 45 (Quinn et al., 2014; Quinn et al., 2015; Wang et al., 2015) . Submicron nascent SSAs were reported 46 to have more enriched organic species and less inorganic salts than the supermicron nascent SSAs 47 (Ault et al., 2013b; Prather et al., 2013; Wang et al., 2015) . Although the molecular species of the 48 organic matter in nascent SSAs are unknown, a recent mesocosm experiment showed that 49 submicron SSAs were enriched with aliphatic-rich organic species, whereas supermicron SSAs 50 contained more oxidized organic species (Wang et al., 2015) . As organic and inorganic matter in 51 sea water could be produced through the biological food web, the chemical compositions in 52 nascent SSAs would be interrelated with the biological activity in sea-water. On the other hand, 53
there have been disputes regarding the correlation between the biological activity in the ocean and 54 SSA organic matter in the marine boundary layer. Some studies reported positive correlations 55 between the levels of chlorophyll-a, which is an indicator of the biological activity in the sea-water, 56
and organic matter in SSAs (Prather et determined from their X-ray intensities using a Monte Carlo calculation combined with reverse 119 successive approximations (Ro et al., 2003) . For the X-ray mapping measurements, an accelerating 120 voltage and beam current are the same as the area mode measurements except for a typical 121 measuring time of 30 min. A more detailed discussion of the EPMA measurement conditions can 122 be found elsewhere (Ro et al., 2005; Ro et al., 1999) . 123 124
RMS measurements 125
The particles collected on Al foil were mounted on the microscope stage of a confocal 126
Raman microspectrometer (XploRA, Horiba Jobin Yvon) equipped with a 100×, 0.9 numerical 127 aperture objective (Olympus). Raman point and mapping measurements were carried out under 128 ambient conditions. Optical images of the particles for relocation were obtained using a video 129 camera. Raman scattering was excited at the 532 nm wavelength using an air-cooled diode laser 130 and detected with a multichannel air cooled charge-coupled device (CCD) at an 1800 gr/mm 131 grating. The excitation laser power delivered to the individual particles was approximately 3 mW 132 using a controlled confocal hole of 300 ~ 500 μm and a slit, 100 μm in diameter. The spectral 133 ranges of 100-4000 cm -1 were performed with a 5 s acquisition time and 5 times accumulation for 134 each measurement. The spectral resolution was 1.8 cm -1 and the spot size of the laser beam at the 135 sample was estimated to be ~1 μm 2 . The XYZ computer-controlled Raman mapping was 136 performed by obtaining the Raman spectra in point-by-point XY scanning mode with a 1 μm step 137 and a 5 s integration time per pixel. The spectra and images were acquired using Labspec6 software. 138
A more detailed discussion of the RMS measurement conditions for single particle analysis can be 139 found elsewhere (Sobanska et 
ATR-FTIR imaging measurements 142
The ATR-FTIR imaging measurements were performed using a Perkin Elmer Spectrum 143 100 FTIR spectrometer interfaced to a Spectrum Spotlight 400 FTIR microscope. An ATR 144 accessory using a germanium hemispherical IRE crystal, 600 m in diameter, was used for ATR 145 imaging. The ATR accessory was mounted on the X-Y stage of the FTIR microscope and the IRE 146 crystal was made to come into contact with the sample through a force lever. A spatial resolution 147 of 3.1 μm at 1726 cm -1 (λ = 5.79 μm) is achievable (Van Dalen et al., 2007) . A 16 x 1 pixel mercury 148 cadmium telluride (MCT) array detector was used to obtain the FTIR images with a pixel size of 149 1.56 μm. For each pixel, an ATR-FTIR spectrum, ranging from 680 to 4000 cm -1 with a spectral 150 resolution of 4 cm -1 , was obtained from eight interferograms, which were co-added and Fourier-151 transformed. The position of the crystal on the sample was determined using an optical microscope 152 equipped with a light emitting diode and a CCD camera, which allowed relocation of the same 153 single particles that had been analyzed using RMS before ATR-FTIR imaging. Spectral data 154 processing was performed using Perkin Elmer Spectrum IMAGE software. A more detailed 155 discussion of the ATR-FTIR imaging measurement conditions for single particle analysis can be 156 found elsewhere (Song et two PM2.5-10 (stage 2) samples collected in the austral summer and winter, where the chemical 165 species comprising each particle, determined from X-ray spectral data, is indicated. All the 166 particles on the images are of a marine origin having major Na and Cl contents with small 167 quantities of C, O, Mg, K, Ca, S, and/or Si. Overall, approximately 600 particles of samples S1 168 and S2 examined by low-Z particle EPMA were of a marine origin. Na, Mg, Cl, S, C, and O were 169 present in all the particles, whereas K, Ca, and Si were encountered more frequently in the 170 summertime sample S1 than in the wintertime sample S2 (93.6 % vs. 79.4 % encountering 171 frequencies for K; 93.9 % vs. 75.5 % for Ca; and 70.1 % vs. 0.7 % for Si, respectively). In particular, 172
Si is present exclusively in sample S1, which might be a good indicator of the phytoplankton 173 influence on the nascent SSAs. 174
As ambient relative humidity (RH) at the sampling times were higher than 87.6% and the 175 efflorescence RHs (ERHs) of the inorganic sea salt components (e.g., ERHs of NaCl and and Na2SO4. The wintertime SSA particle in Figure 2 (b) is composed of NaCl (at region 1) and 197 the mixture of MgCl2 and organic species (at region 2). As C and O are overlapping in their X-ray 198 maps of Figure 2 , the organic species appear to contain a significant amount of oxygen. Figure 3  199 shows the X-ray spectra and elemental atomic concentrations obtained from the entire regions of 200 the summertime and wintertime particles using area-mode X-ray data acquisition. The 201 summertime particle contains more C, O, Si, S, and Ca than the wintertime particle. As the amount 202 of sulfate (by assuming all the sulfur exists as sulfate) for the summertime particle is larger than 203 that of Ca, the sulfate first crystallized as CaSO4, and the remaining sulfate crystallized as Na2SO4, 204 resulting in the formation of elongated rods composed of a mixture of CaSO4 and Na2SO4. For the 205 wintertime particle, CaSO4 was observed weakly at the upper-right region because of the low 206 sulfate content. 207 overall ~600 individual particles in PM1.0-2.5 and PM2.5-10 fractions of the summertime and 209 wintertime samples, obtained by low-Z particle EPMA. As all the particles analyzed in these 210 samples are of a marine origin, the mean atomic concentrations of Na and Cl are largest (ranging 211 in 25.2 -28.3 % and 24.8 -29.2 %, respectively), followed by high C and O concentrations (18.8 212 -27.1 % and 17.3 -19.5 %, respectively), compared to those of Mg, Si, S, K, and Ca which are 213 in the range, 0.0 -2.9 %. Based on the mean elemental weight concentrations, the C and O contents 214 were smaller based on the mean atomic concentrations, even though they were still considerable 215 (9.6 -14.6 % and 12.0 -13.6 %, respectively). On the other hand, the organic contents on a 216 molecular basis would be smaller than the elemental C contents but the molecular organic content 217
could not be estimated because the organic molecular species in SSAs have not been identified 218 To better examine the chemical compositional contrast between samples S1 and S2, Table  222 1 lists the mean elemental concentration ratios to Na for individual particles together with those 223 for bulk sea-water. The atomic concentration ratios of C, O, Si, S, and Ca; Cl; and Mg and K for 224 the summertime sample were higher and lower than and similar to those of the wintertime sample, 225 respectively (also see Fig. S2 , which clearly shows different distributions of individual particles 226 having specific elemental concentration ratios between the summertime and wintertime samples), 227
indicating that C, O, Si, S, and Ca; and Cl are enriched and depleted in the summertime sample, 228
respectively. In addition, those enriched and depleted elements have higher and lower 229 concentration ratios than the bulk sea-water ratios, respectively. 230
As the [C]/[Na] ratios for both samples were high compared to bulk sea-water [C]/[Na] 231 ratio, even the supermicron Antarctic SSAs contain significantly enriched organic species. The 232
[C]/[Na] ratios of sample S1 were higher than those of sample S2, suggesting that the higher 233 organic matter is related to the higher phytoplankton activities, and those for particles in the PM 1.0-234 2.5 fractions of samples S1 and S2 (1.12 and 0.83, respectively) were higher than PM 2.5-10 fractions 235 (0.87 and 0.70, respectively), indicating that the smaller particles contain more organic species, 236 which is consistent with other observations reporting more organics in the smaller SSAs (Quinn et 237 al., 2015) . 
The [O]/
[Na] ratios of sample S1 are higher than those of sample S2, and those for particles 239 in the PM 2.5-10 fractions of samples S1 and S2 (0.77 and 0.68, respectively) are higher than the 240 PM 1.0-2.5 fractions (0.71 and 0.66, respectively). Similar observations were made for S and Ca, for 241 which the elemental concentration ratios were somewhat higher in sample S1 and in larger size 242 fractions (see Table 1 ). In addition, the frequencies of encountering particles having higher [S]/[Na] 243 or [Ca]/[Na] ratios than bulk sea-water were significantly higher in the summertime sample and in 244 the larger size fractions (see encountering frequency data for S and Ca in Table 1 ), indicating that 245 O, S, and Ca are interrelated with common sources, which is also supported by the observation of 246 elongated CaSO4 rods in the Raman and X-ray mapping measurements. The enriched S and O in 247 the S1 sample appear to be due to the elevated nss-SO4 2-levels. In the austral summer 248 (NovemberMarch) of the Antarctic, higher solar radiation levels and temperatures than the other 249 seasons tend to enhance the phytoplankton activities (as supported by its high chlorophyll-a level 250 for sample S1), which enhances the production and emission of oceanic dimethyl sulfide (DMS) 251 Figure S3 appear similar. When the aerosols were measured ~1 year later after the generated 329 aerosols had been sealed in a plastic box and stored in a desiccator, approximately half of the 330 generated aerosols showed a second pair of Raman and ATR-FTIR spectra, as shown in Figure S3 , 331 and the other half showed a third pair. The third spectra pair appears similar to those in Figure 4 (a) 332 for a crystalline solid SSA, whereas the second spectra pair appears to be between the first and 333 third spectra pairs in Figure S3 , strongly suggesting that the fresh aerosols generated from the 334 alanine and MgCl2 solution are a somewhat amorphous form of MgAla, whereas the second and 335 third spectra pairs suggest a more crystalline nature of MgAla. The Raman peaks of the aerosols 336 generated at 3409 and 1637 cm -1 are not from free water because these Raman peaks were 337 unchanged even at very low RH (< 5%) when the in-situ Raman measurement was performed by 338 changing the RH in the hygroscopic measurement system described in a previous study (Gupta et 339 al., 2015) . This means that the intensities and shapes of the Raman peaks should be reduced and 340 changed, respectively, when the RH is decreased to a very low level if these peaks are from free 341 water. In other words, the peaks are from the hydrate crystal water bound for divalent Mg 342 compounds as the narrow peak shapes and peak positions resemble those of the known spectra of 343
MgCl2
. 6H2O and MgCl2
.
4H2O solids with hydrate crystal water (Gupta et al., 2015). 344
Based on a comparison of the Raman and ATR-FTIR spectra obtained for the summertime 345 SSAs and aerosols generated from the mixture solution of standard alanine and MgCl2, the organic 346 species are most probably the Mg hydrate salts of alanine (MgAla), even though the precise 347 molecular formula could not be confirmed. The Raman spectrum, which is the same as that of 348 crystalline MgAla, was also observed for nascent SSAs produced using breaking waves, even 349 though their molecular species were not identified (Ault et al. SSAs of sample S2 containing mainly MgFAs and both MgAla and MgFAs. As shown in Figure  377 S5, the Raman spectra of powdery standard Mg palmitate, palmitic acid, Mg stearate, and stearic 378 acid appear similar except for minor differences in relative peak intensities, which is not sufficient 379 to identify the organic species having the Raman spectrum of Figure 5 Based on X-ray analysis, C and O were present in all the analyzed Antarctic SSAs. Indeed, organic 416 salt species were detected for all the particles of samples S1 and S2, showing that organic species 417 are ubiquitously present, even in supermicron SSAs. As shown in Table 2, organic salt species  418 were categorized into three groups containing (i) MgAla, (ii) MgFAs, and (iii) mixtures of the two 419 organic salts. The Raman and IR active inorganic salts were always observed together with organic 420 salt species, so that the relative encountering frequencies of inorganic species are shown in each 421 organic group. 422
All the particles of sample S1 contained only MgAla together with other inorganic species. 423
In particular, CaSO4 and Na2SO4 are mixed almost internally with MgAla (for PM1.0-2.5 and PM2.5-424 10 fractions, the encountering frequencies of CaSO4 were 98.3% and 92.9%, respectively, and those 425 of Na2SO4 were 98.3% and 88.6%, respectively), indicating that SO4 2-is mostly in the form of a 426
CaSO4 and Na2SO4 mixture. For the PM1.0-2.5 and PM2.5-10 fractions, the overall encountering 427 frequencies of Mg(NO3)2 are 51.7% and 77.1%, respectively, and those of NaNO3 were 0.0% and 428 38.6%, respectively, where the NO3 -moiety was observed more in the PM2.5-10 fraction. The reason 429 for why the NO3 -moiety is more abundant in the PM2.5-10 fraction is unclear. The SiO2 430 concentration was 46.6% and 27.1% in the PM1.0-2.5 and PM2.5-10 fractions, respectively. SiO2 431 appears to be in colloidal form because SiO2 species are not water-soluble and were observed more 432 in the PM1.0-2.5 fraction than in PM2.5-10. A small number of Mg methanesulfonate was observed 433 only in the PM1.0-2.5 fraction of sample S1. Higher phytoplankton activities in the summer enhance 434 the production and emission of oceanic DMS, resulting in the production of MSA, which is a 435 strong acid that can exist as an anion in sea-water and is observed as Mg salts in SSAs, even though 436 its encountering frequency is not high compared to other sulfates. 437 A significant portion of SSAs of sample S2 contain only MgAla (overall 76.6% and 33.9% 438 for PM1.0-2.5 and PM2.5-10 fractions, respectively) (see Table 2 ). Considering the encountering 439 frequencies of MgAla mixed with MgFAs (21.9% and 54.8% for PM1.0-2.5 and PM2.5-10 fractions, 440 respectively), MgAla is also almost ubiquitous in sample S2 (overall 98.5% and 88.7% for PM1.0-441 2.5 and PM2.5-10 fractions, respectively). MgFAs mixed internally with MgAla was encountered 442 significantly in sample S2 (overall 23.5% and 66.1% for PM1.0-2.5 and PM2.5-10 fractions, 443 respectively). For the PM1.0-2.5 and PM2.5-10 fractions, the encountering frequencies of CaSO4 were 444 98.5% and 88.6% overall, respectively, whereas those of Na2SO4 were 26.6% and 8.0%, 445 respectively, indicating that SO4 2-is mostly in the form of CaSO4. For the PM1.0-2.5 and PM2.5-10 446 fractions, the overall encountering frequencies of Mg(NO3)2 were 43.8% and 75.8%, respectively, 447 and those of NaNO3 were 12.5% and 27.4%, respectively, where the NO3 -moiety was also 448 observed more in the PM2.5-10 fraction. SiO2 was encountered much less frequently, 7.9% and 3.2% 449 in the PM1.0-2.5 and PM2.5-10 fractions, respectively, compared to those of sample S1 (i.e., 46.6% 450 and 27.1%, respectively). The observation of a higher encountering frequency of SiO2 in sample 451 S1 is consistent with that of X-ray analysis, where the detection of the Si X-ray signal was 70.1 % 452 and. 0.7 % for samples S1 and S2, respectively. 453
The relative encountering frequency data for the organic and inorganic species of samples 454 S1 and S2 clearly show their different chemical compositional features. MgAla is predominant for 455 samples S1 and S2. The MgFAs were not encountered in sample S1, but were encountered in 456 sample S2, mostly as internal mixtures with MgAla. As alanine is water-soluble and anions of fatty 457 acids are surfactants, they would be present mostly at the bulk sea-water and SSML/sea-surface, 458 respectively, before becoming airborne. Therefore, alanine-and fatty acids-containing SSAs are 459 expected to be airborne through jet-and film-drop production during bubble busting, resulting in 460 the generation of supermicron and submicron SSAs, respectively (de Leeuw et al., 2011; Quinn et 461 al., 2015) . In this study, supermicron SSAs were investigated for which MgAla is almost 462 ubiquitous in samples S1 and S2, indicating that the supermicron SSAs were generated as jet-drops. 463
As MgFAs was observed mostly together with MgAla in sample S2, the MgFAs-containing SSAs 464 originating from film-drops might agglomerate with MgAla-containing supermicron SSAs in the 465
air. 466
In a recent mesocosm experiment, the organic matter in SSAs generated from the wave 467 braking of natural sea-water was monitored for 29 days after adding nutrients at the beginning of 468 the experiment during which two phytoplankton blooms occurred (Wang et al., 2015) . The 469 aliphatic-rich organic matter level in the nascent SSAs was enhanced during the first bloom, 470 whereas the oxygen-rich organic matter level increased at the early period of the experiment before 471 the first bloom and remained somewhat constant thereafter, including the second bloom period. individual SSAs by RMS and ATR-FTIR imaging, different organic species were encountered in 497 samples S1 and S2, i.e., Mg hydrate salts of alanine is predominant in the S1 and S2 samples, 498 whereas Mg salts of fatty acids mixed internally with Mg hydrate salts of alanine are significant 499 in sample S2. Although CaSO4 are encountered significantly in both samples S1 and S2, the other 500 inorganic species, such as Na2SO4, NaNO3, Mg(NO3)2, SiO2, and CH3SO3Mg were encountered 501 more significantly in sample S1, suggesting that they reflect the high phytoplankton activity in the 502 summer. 503
In this study, there were new observations regarding the chemical compositional features 504 of nascent Antarctic SSAs and some of them need to be explained in further studies. First, although 505 just two SSA samples collected in the summer and winter were investigated, their chemical 506 compositional features were clearly different in terms of their chemical species and/or levels of 507 inorganic and organic moieties, which are related to their different oceanic biological environments 508 suggested by the drastic chlorophyll-a level contrast. Second, even the supermicron SSAs were 509 enriched significantly by organic matter, and thus the effects of organic matter in supermicron 510
SSAs need to be considered more seriously in a radiative forcing model study. Third, based on the 511
Raman and ATR-FTIR measurements, the organic moieties in SSAs are believed to be present as 512 the salt forms of surprisingly simple organic compounds, such as alanine and palmitic/stearic acids, 513 which appear to be the biodegraded final products from proteins and lipids, respectively, but the 514 reason for why alanine and palmitic/stearic acids are predominant as the final products is unclear. 515
In addition, the Mg hydrate salts of alanine are almost ubiquitous in both the summertime and 516 wintertime supermicron SSAs but the Mg salts of fatty acids were encountered only in the 517 wintertime supermicron SSAs, which will require further study to better understand the generation 518 processes of Antarctic SSAs. Hara, K., Osada, K., Kido, M., Matsunaga, K., Iwasaka, Y., Hashida, G., and Yamanouchi, T.: 567
Variations of constituents of individual sea-salt particles at Syowa station, Antarctica, 568 region, where the atmospheric CO2 peaks are present, were deleted for clarity. 
